Abstract: Perovskite LaFeO 3 nanofillers (0.1%) are incorporated into a quaternized poly(vinyl alcohol) (QPVA) matrix for use as hydroxide-conducting membranes in direct alkaline methanol fuel cells (DAMFCs). The as-synthesized LaFeO 3 nanofillers are amorphous and functionalized with cetyltrimethylammonium bromide (CTAB) surfactant. The annealed LaFeO 3 nanofillers are crystalline without CTAB. The QPVA/CTAB-coated LaFeO 3 composite membrane shows a defect-free structure while the QPVA/annealed LaFeO 3 film has voids at the interfaces between the soft polymer and rigid nanofillers. The QPVA/CTAB-coated LaFeO 3 composite has lower methanol permeability and higher ionic conductivity than the pure QPVA and QPVA/annealed LaFeO 3 films. We suggest that the CTAB-coated LaFeO 3 provides three functions to the polymeric composite: increasing polymer free volume, ammonium group contributor, and plasticizer to enhance the interfacial compatibility. The composite containing CTAB-coated LaFeO 3 results in superior cell performance. A maximum power density of 272 mW cm −2 is achieved, which is among the highest power outputs reported for DAMFCs in the literature.
Introduction
Global energy demands have become a major issue in the 21st century. Among the many energy resources, direct alcohol fuel cells (DAFCs) using polymer electrolyte membranes are some of the most promising energy sources. DAFCs have a simple liquid fuel system, high power/energy densities, high energy efficiency, and low cost for stationary, automotive and portable devices in small-to-large scale applications [1, 2] . DAFCs may be operated in two modes: acidic and alkaline types. The acidic mode employs proton-exchange (H + ) polymer electrolytes, while the alkaline mode uses hydroxide ion (OH − ) conductive membranes. The advantages of using hydroxide-conducting membranes include the feasibility of using non-precious metal catalysts, reduced fuel crossover, inexpensive components, and low cost [3, 4] . In addition, the kinetics of methanol oxidation are faster in alkaline solutions than in acidic media, which produces improved electrode kinetic reactions [2] . Moreover, the hydroxide anion transport path opposes the methanol flux to decrease methanol permeability and improve the cell performance [5, 6] . Cell voltage and power densities using hydroxide-conducting DAFCs have shown promising results, with equivalent or even higher cell performance compared with proton exchange DAFCs [4, [7] [8] [9] .
Poly(vinyl alcohol) (PVA) has good film-forming property to assemble efficient electrolyte and good stability after doping with a potassium hydroxide (KOH) solution [6, 10] . This PVA membrane separator has been well established for various alkaline batteries and fuel cells [11] [12] [13] . The integrity of PVA material in alkaline solution and redox environment has been confirmed [14] [15] [16] . After being functionalized with ammonium groups, quaternized PVA (QPVA) membranes demonstrated high alkaline fuel cell performance and stable energy output for at least 280 h for direct alkaline methanol fuel cells (DAMFCs) [17, 18] .
Incorporating organic/inorganic nanofillers (e.g., chitosan, Al 2 O 3 , SiO 2 , TiO 2 , and Fe 3 O 4 ) into a PVA-based matrix has been shown to enhance chemical stability, physicochemical, and electrochemical properties for DAMFC applications [17, [19] [20] [21] [22] . These nanocomposite membranes deliver noteworthy advantages over traditional pure polymeric membranes due to their higher ionic conductivity, suppressed permeability, and improved power densities [23, 24] . Among the different nanofillers, perovskite-type oxides (with a chemical structure of ABO 3 ) have recently attracted much attention in energy-based and conversion applications such as solar cells, photocatalysis, electrode catalysis, lithium-ion batteries, supercapacitors, and fuel cells [25, 26] . Perovskite-based LaFeO 3 nanofillers are potential anode materials to enhance methanol oxidation rates [27, 28] . Among various wet chemical methods involved in the growth of LaFeO 3 nanoparticles [29] , a surfactant-assisted hydrothermal process has significant advantages [30] . These advantages include high phase purity, chemical stability, large surface areas, monodispersed shape/size, low temperature growth, oxygen non-stoichiometric qualities, and cost-effectiveness over the above-mentioned spinel metal oxide nanofillers [31] [32] [33] . In addition, defects in ABO 3 generated from cation deficiencies in either A or B sites, or oxygen deficiency, can be easily manipulated by partial substitutions that exhibit high proton or oxygen ion conductivity [30, 34] . Unemoto et al. reported that the conductivity of the perovskite oxide increased due to the variation of oxygen non-stoichiometry, accompanied by partial reduction of Fe ions in the perovskite oxide [35] . Recently, Cordero et al. reported theoretical and experimental investigations of the diffusion of oxygen vacancies and ionic mobilities of perovskite oxides for generating fast ion conduction in fuel cells [36] . Therefore, non-stoichiometry perovskite oxides could enable high ionic conductivity due to strong interactions between oxygen vacancies [37] .
In making an effective membrane electrolyte, the interfaces between the nanofillers and the polymer matrix play a critical role. Several adverse phenomena, such as void formation and polymer chain rigidification at the interfaces of the fillers and polymer matrix, can result in unexpected outcomes of transport properties of small molecules through the composite membrane. In the current work, LaFeO 3 nanoparticles are used as nanofillers for the electrolyte membrane in DAMFCs for the first time. Herein, we report on the preparation of perovskite LaFeO 3 nanoparticles via a hydrothermal process with cetyltrimethylammonium bromide (CTAB) as a surfactant agent. Surfactant-coated LaFeO 3 nanoparticles were prepared in the synthesis procedure. Annealed, crystalline LaFeO 3 nanoparticles without surfactant were also prepared. Both perovskite LaFeO 3 nanofillers were incorporated into a QPVA matrix and cast into thin films. The resulting composites were characterized and tested for their alkaline fuel cell performance. The possible interactions from incorporating 0.1 wt % LaFeO 3 nanoparticles into the QPVA matrix and the surfactant role on the film formation and transport mechanism are elucidated. To the best of our knowledge, the current work provides an introductory report on the preparation of a QPVA/LaFeO 3 nanocomposite membrane for use as an alkaline hydroxide-conducting membrane for DAMFCs.
Results and Discussion

Perovskite Reaction Mechanism and Morphological Analysis
The amorphous LaFeO 3 nanoparticles were prepared using a simple hydrothermal method. The reaction time and temperature of this hydrothermal reaction resulted in enhanced formation of nanosized particles coated with a cationic surfactant. Distilled (D.I.) water permits the suspension of highly polar organic and inorganic compounds, which makes it a highly viscous and effective medium. Additionally, this process slows the diffusion of metal ions and assists in the formation of new nuclei to induce the growth of nanoparticles [38] . The possible chemical reaction of the LaFeO 3 nanoparticles can be proposed as follows:
Initially, the La(NO 3 ) 3 was dissolved in D.I. water to produce La 3+ ions (Equation (1)) with continuous stirring under ambient conditions. Similarly, Fe 3+ ions were generated when Fe(NO 3 ) 3 was mixed in D.I. water in the same atmosphere (Equation (2)). The generated Fe 3+ ions were further hydrolysed to form Fe(OH) 3 under hydrothermal temperatures (Equation (3)). The La 3+ ions coalesced more simply with trisodium citrate via chelating effects (Equation (4)). Furthermore, La 3+ ions are slowly released and gradually transformed into La(OH) 3 via a hydrolysis reaction (Equation (5)). At the same time, Fe(OH) 3 reacts with La(OH) 3 at higher temperatures to produce the amorphous phase of the LaFeO 3 nanoparticles via a condensation process (Equation (6) ). In addition, the CTAB molecules play an essential role in tuning the size and shape of the LaFeO 3 nanoparticles via growth units and aggregation effects.
Systematic investigation was performed to understand the structure of the perovskite LaFeO 3 nanoparticles with varying annealing temperatures. The transmission electron microscope (TEM) images of the CTAB-coated LaFeO 3 nanoparticles and those annealed at 800 • C were analysed, as shown in Figure 1a ,b. The TEM images in Figure 1a shows non-uniformly shaped core particles with a size of 50 nm and CTAB-coated particle surfaces. The arrangement of the smaller core particles occurs due to the slow diffusion process of homogeneous nucleation via the effect of the surfactant. The CTAB surfactant molecules can attach onto specific crystal facets, which makes it possible to control the size and shape of the final crystal structure and prevent particle aggregation [39] . The CTAB coating was further confirmed by high-resolution TEM (HRTEM) imaging as observed in Figure 1b . Liu et al. [40] have reported that electrostatic interaction between the hydrocarbon group of CTAB and perovskite nanoparticles improves the surfactant coating and increases particle stability. We hypothesized that the cationic surfactant molecules would strongly coat nanoparticles via self-assembly to enhance the surface properties [41, 42] . The LaFeO 3 nanoparticles were annealed at different temperatures, as shown in supplementary Figure S1a-c. When the temperature was raised to 800 • C, the tightly arranged primary particles were compressed to form spherically shaped crystalline nanocrystals, as shown in Figure 1c ,d. The Ostwald ripening process plays an active role to produce a spherical shape via the trapping of smaller particles [43] . At 800 • C, the cationic surfactant was completely removed from the particle surface and high crystallinity particles were confirmed, as shown in the HRTEM image ( Figure 1d ) and XRD pattern (Figure 2a) . Therefore, different annealing temperatures have significant effects on the surfactant functionalization and the crystallinity of the resulting LaFeO 3 nanoparticles. 
Physicochemical Characterization of Nanoparticles
The crystal structure of the LaFeO3 nanoparticles was analysed using X-ray diffraction (XRD) as shown in Figure 2a . The XRD pattern of the CTAB-coated LaFeO3 nanoparticles showed an amorphous phase, as did those annealed at 200 °C and 400 °C. With increasing temperature to 600 °C, the amorphous LaFeO3 nanoparticles transformed into the single-phase orthorhombic crystalline structure of perovskite LaFeO3 (Figure 2a ) [44, 45] . When the temperature was raised to 800 °C, a good crystalline phase was observed with high intensity. All of the diffraction peaks matched to the orthorhombic structure and were indexed with bulk LaFeO3 crystals (JCPDS:37-1493) [46] . No other impurities (including characteristic peaks of metal nitrate, Fe2O3 or La2O3) were observed [47] . Scherrer's formula was employed to calculate the average grain size, which was approximately 23 nm for the 800 °C-annealed LaFeO3 nanoparticles. Based on X-ray photoelectron spectroscopy (XPS) data, we found out that the actual structure of the prepared perovskite nanoparticles was probably La0.8FeO2.7. Similar perovskite structure was also reported by Spinicci et al. using low temperature thermal decomposition method [32] . The oxygen non-stoichiometry effect was common when the nanoparticles were prepared using auto-combustion, thermal-decomposition, citrate pyrolysis, solid state reaction and Pechini methods [32, [47] [48] [49] . Delmastro et al. [50] showed that a series of these perovskite structures (including LaFeO3 and La0.7FeO2.55) demonstrated identical XRD patterns. Therefore, we used the term of LaFeO3 to present actual perovskite nanostructure in this manuscript. 
The crystal structure of the LaFeO 3 nanoparticles was analysed using X-ray diffraction (XRD) as shown in Figure 2a . The XRD pattern of the CTAB-coated LaFeO 3 nanoparticles showed an amorphous phase, as did those annealed at 200 • C and 400 • C. With increasing temperature to 600 • C, the amorphous LaFeO 3 nanoparticles transformed into the single-phase orthorhombic crystalline structure of perovskite LaFeO 3 ( Figure 2a ) [44, 45] . When the temperature was raised to 800 • C, a good crystalline phase was observed with high intensity. All of the diffraction peaks matched to the orthorhombic structure and were indexed with bulk LaFeO 3 crystals (JCPDS:37-1493) [46] . No other impurities (including characteristic peaks of metal nitrate, Fe 2 O 3 or La 2 O 3 ) were observed [47] . Scherrer's formula was employed to calculate the average grain size, which was approximately 23 nm for the 800 • C-annealed LaFeO 3 nanoparticles. Based on X-ray photoelectron spectroscopy (XPS) data, we found out that the actual structure of the prepared perovskite nanoparticles was probably La 0.8 FeO 2.7 . Similar perovskite structure was also reported by Spinicci et al. using low temperature thermal decomposition method [32] . The oxygen non-stoichiometry effect was common when the nanoparticles were prepared using auto-combustion, thermal-decomposition, citrate pyrolysis, solid state reaction and Pechini methods [32, [47] [48] [49] . Delmastro et al. [50] showed that a series of these perovskite structures (including LaFeO 3 and La 0.7 FeO 2.55 ) demonstrated identical XRD patterns. Therefore, we used the term of LaFeO 3 to present actual perovskite nanostructure in this manuscript. The functional group changes before and after LaFeO3 nanoparticle annealing were analysed using the FTIR spectrum, as shown in Figure 2b . For CTAB-coated LaFeO3 nanoparticles, the weak intensity band at 460 cm −1 confirms the formation of a metal oxide phase. This peak was slightly shifted to a lower wavenumber compared with the values reported in the literature, which might be due to the amorphous phase of the LaFeO3 nanoparticles [46] . The small, intense peaks at 910 cm −1 , 1096 cm −1 , and 1238 cm −1 represent -N-H-bending and -C-N-stretching vibrations due to the presence of nitro compounds. The strong peaks at 1568 cm −1 and 1417 cm −1 were attributed to C-H scissoring vibrations of the -N-CH3 moiety corresponding to CTAB molecules, which confirms the presence of the surfactant [25] . The two weak bands at approximately 2920 cm −1 and 2858 cm −1 represent asymmetric and symmetric stretching vibrations of -CH2 molecules. Another broad absorption peak from N-H stretching vibrations of the amino group was located at approximately The functional group changes before and after LaFeO 3 nanoparticle annealing were analysed using the FTIR spectrum, as shown in Figure 2b . For CTAB-coated LaFeO 3 nanoparticles, the weak intensity band at 460 cm −1 confirms the formation of a metal oxide phase. This peak was slightly shifted to a lower wavenumber compared with the values reported in the literature, which might be due to the amorphous phase of the LaFeO 3 nanoparticles [46] . The small, intense peaks at 910 cm −1 , 1096 cm −1 , and 1238 cm −1 represent -N-H-bending and -C-N-stretching vibrations due to the presence of nitro compounds. The strong peaks at 1568 cm −1 and 1417 cm −1 were attributed to C-H scissoring vibrations of the -N-CH 3 moiety corresponding to CTAB molecules, which confirms the presence of the surfactant [25] . The two weak bands at approximately 2920 cm −1 and 2858 cm −1 represent asymmetric and symmetric stretching vibrations of -CH 2 molecules. Another broad absorption peak from N-H stretching vibrations of the amino group was located at approximately 3405 cm −1 ; it might overlap with the vibration bands associated with -OH groups. When the annealing temperature was raised to 400 • C, peak intensity at 552 cm −1 began to increase, indicating that the metal oxide bonding was strengthened due to the initial growth of the crystalline phase from the amorphous nanoparticles. The corresponding peak intensity of the CTAB molecules decreased and slightly shifted to a lower wavenumber (~30 cm −1 ) due to decomposition of the CTAB molecules. On further increasing the temperature to 600 • C and 800 • C, no characteristic CTAB peaks were observed. The broad and strong spectroscopic band at 562 cm −1 corresponds to the symmetric Fe-O stretching vibration of the octahedral FeO 6 in LaFeO 3 and indicates the formation of a perovskite structure [46] . The results confirm that the CTAB-coated LaFeO 3 nanoparticles display ammonium functional groups via the presence of the surfactant, whereas the annealed nanoparticles do not exhibit noteworthy associated functional groups.
The thermal stability of the CTAB-coated and 800 • C-annealed LaFeO 3 nanoparticles was observed via TGA analysis, as shown in Figure 2c . Minimal weight loss (2-3%) was observed for the annealed sample whereas three distinct weight losses were obtained for CTAB-coated LaFeO 3 nanoparticles. Below 200 • C, the CTAB-coated LaFeO 3 underwent an 11% weight loss due to the elimination of surface-adsorbed water molecules or hydroxyl groups. The second weight loss, from 200 • C to 320 • C, occurred due to the desorption and decomposition of molecular organic residuals of the surfactants, such as C-N, C=O and C-H. The third weight loss, up to 460 • C, was due to the decomposition of nitrate molecules. No further weight loss was observed after~500 • C [38] .
The CTAB-coated LaFeO 3 nanoparticles and those annealed at 800 • C were characterized using differential scanning calorimetry (DSC), and the results are shown in Figure 2d . The CTAB-coated LaFeO 3 nanoparticles show two distinct exothermic peaks at 128 • C and 212 • C. The first exothermic peak was attributed to the loss of lattice water, whereas the elimination or degradation of organic residuals from the CTAB molecules accounts for the second exothermic peak. In the case of the annealed LaFeO 3 nanoparticles, no apparent mass loss was observed (Figure 2c ), which confirms the absence of functional molecules and establishes the thermal stability.
The cationic surfactant CTAB may affect the surface charge of the LaFeO 3 nanoparticles; its zeta potential is shown in Figure 2e . The annealed LaFeO 3 nanoparticles had a negative surface charge of −4.9 mV. The CTAB-coated LaFeO 3 nanoparticles had a positive surface charge of +20.7 mV, implying that ammonium groups were at the outermost layer of the CTAB-functionalized nanoparticles. The solution conductivity of the nanoparticles suspension was examined to further confirm the surface charge effect (Figure 2f ). Distilled water was used as a solvent for dispersing the LaFeO 3 nanoparticles. The ionic conductivity of the pure distilled water was 2.0 × 10 −6 S cm −1 . The annealed LaFeO 3 nanoparticles suspension had an ionic conductivity of 7.2 × 10 −6 S cm −1 . The CTAB-coated LaFeO 3 nanoparticles suspension showed a significantly higher ionic conductivity of 17.5 × 10 −6 S cm −1 . The CTAB-coated LaFeO 3 nanoparticles had a higher conductivity than that of the annealed nanoparticles due to higher surface charge.
Compositional Analysis of Nanoparticles
The elemental composition and electronic state of the CTAB-coated LaFeO 3 nanoparticles and those annealed at 800 • C were studied via XPS. Figure 3a shows that the surfaces of both CTAB-coated LaFeO 3 nanoparticles and those annealed at 800 • C contained four different elements (La, Fe, O and a trace amount of C) without other impurities. The Fe 2p and La 3d core-level orbit spectra showed that the iron and lanthanum atoms were in the +3 chemical valence state. Figure 3b shows the La 3d core level at 852.3-835.6 eV, confirming the presence of La 3d 5/2 and La 3d 3/2 . The satellite peak with a higher binding energy at 839.1 eV matched with La 3d 5/2 , demonstrating a core hole with an electron transferred from the O 2p valence band to an empty La 4f orbital [51] . In Figure 3c , the XPS signals at 709.9 eV and 723.5 eV represent the Fe 2p 3/2 and Fe 2p 1/2 orbits, respectively, values ascribable to the Fe 3+ ionic surfaces due to spin-orbital splitting form. The deconvolution of the O 1s peak revealed two oxygen chemical states at 528.9 and 531.7 eV, corresponding to O L and O H , respectively. The CTAB-coated LaFeO 3 showed a significant peak at 531.3 eV, attributable to chemisorbed water species to the hydroxyl groups associated with the surface of lanthanum oxide [52] . The CTAB-coated LaFeO 3 had a stronger ability to form active oxygen hydroxyl (O H ) adspecies. The annealed LaFeO 3 had a strong peak (528.8 eV), originating from La-O and Fe-O bonds via crystal lattice oxygen (O L ). The other strong peak of the annealed LaFeO 3 nanoparticles, at 531.7 eV, was recognized to correspond to hydroxyl oxygen (O H ) adsorbed on the nanoparticles surface resulting from the chemisorbed water [26] .
Energies 2017, 10, 615 7 of 22 [52] . The CTAB-coated LaFeO3 had a stronger ability to form active oxygen hydroxyl (OH) adspecies. The annealed LaFeO3 had a strong peak (528.8 eV), originating from La-O and Fe-O bonds via crystal lattice oxygen (OL). The other strong peak of the annealed LaFeO3 nanoparticles, at 531.7 eV, was recognized to correspond to hydroxyl oxygen (OH) adsorbed on the nanoparticles surface resulting from the chemisorbed water [26] . 
Nanocomposite Membrane Characterizations
An FESEM was used to analyse the surface and cross-sectional morphology of the membranes. The surfaces of the QPVA, QPVA/CTAB-coated LaFeO3, QPVA/annealed LaFeO3 composites were flat and smooth, confirming the formation of dense membranes (Figure 1e,g,k) . The corresponding cross-section of the QPVA/CTAB-coated LaFeO3 (Figure 1h ,j) and QPVA/annealed LaFeO3 (Figure 1l ,n) membranes displayed nanofiller distribution in the polymeric film. The nanoparticles may form primary particles or aggregates of up to tens of primary particles (Figure 1i ,j,m,n). It was noted that the QPVA/annealed LaFeO3 membrane had interfacial defects (Figure 1m,n) , whereas the QPVA/CTAB-coated LaFeO3 film was pinhole-free. The rigid crystalline LaFeO3 nanoparticles were not compatible with the soft QPVA segments, and voids formed during the film drying process. In contrast, the CTAB served as an intermediate medium, bridging the LaFeO3 nanoparticles and QPVA chains, and resulted in a defect-free structure (Figure 1i,j) .
EDX was used to analyse the elemental mapping and composition of the nanocomposite membranes. The presence of elemental C (55.26 wt %), O (43.16 wt %), La (0.53) and Fe (1.05 wt %) in the QPVA/CTAB-coated LaFeO3 nanocomposite membrane can be seen in Figure S3a . Similarly, the QPVA/annealed LaFeO3 nanocomposite membrane ( Figure S3b ) also reveals the presence of La, Fe and O elements. 
An FESEM was used to analyse the surface and cross-sectional morphology of the membranes. The surfaces of the QPVA, QPVA/CTAB-coated LaFeO 3 , QPVA/annealed LaFeO 3 composites were flat and smooth, confirming the formation of dense membranes (Figure 1e,g,k) . The corresponding cross-section of the QPVA/CTAB-coated LaFeO 3 (Figure 1h ,j) and QPVA/annealed LaFeO 3 (Figure 1l ,n) membranes displayed nanofiller distribution in the polymeric film. The nanoparticles may form primary particles or aggregates of up to tens of primary particles (Figure 1i ,j,m,n). It was noted that the QPVA/annealed LaFeO 3 membrane had interfacial defects (Figure 1m,n) , whereas the QPVA/CTAB-coated LaFeO 3 film was pinhole-free. The rigid crystalline LaFeO 3 nanoparticles were not compatible with the soft QPVA segments, and voids formed during the film drying process. In contrast, the CTAB served as an intermediate medium, bridging the LaFeO 3 nanoparticles and QPVA chains, and resulted in a defect-free structure (Figure 1i,j) .
EDX was used to analyse the elemental mapping and composition of the nanocomposite membranes. The presence of elemental C (55.26 wt %), O (43.16 wt %), La (0.53) and Fe (1.05 wt %) in the QPVA/CTAB-coated LaFeO 3 nanocomposite membrane can be seen in Figure S3a . Similarly, the QPVA/annealed LaFeO 3 nanocomposite membrane ( Figure S3b ) also reveals the presence of La, Fe and O elements.
The phase purity and crystallinity of the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 membranes were analysed using XRD analysis, as shown in Figure 4a . The QPVA membrane had a quarterisation efficiency of 3-4% [10] , and the other 96-97% of the polymeric matrix retained the PVA structure [53] [54] [55] . Therefore, the QPVA nanocomposite membranes showed a semi-crystalline structure with an XRD peak at 2θ of 20 • , corresponding to the (101) plane of the PVA crystal structure [17, [53] [54] [55] . The nanocomposite membrane intensity decreased compared with pristine PVA, as described in our previous study [53] , yet the QPVA composites retained good film structure [17, 18, 23] . This result implies that the addition of nanofiller to the polymeric matrix greatly suppressed the crystalline domains [18, 23] . The phase purity and crystallinity of the QPVA/CTAB-coated LaFeO3 and QPVA/annealed LaFeO3 membranes were analysed using XRD analysis, as shown in Figure 4a . The QPVA membrane had a quarterisation efficiency of 3-4% [10] , and the other 96-97% of the polymeric matrix retained the PVA structure [53] [54] [55] . Therefore, the QPVA nanocomposite membranes showed a semicrystalline structure with an XRD peak at 2θ of 20°, corresponding to the (101) plane of the PVA crystal structure [17, [53] [54] [55] . The nanocomposite membrane intensity decreased compared with pristine PVA, as described in our previous study [53] , yet the QPVA composites retained good film structure [17, 18, 23] . This result implies that the addition of nanofiller to the polymeric matrix greatly suppressed the crystalline domains [18, 23] . To further evaluate the polymer crystallinity of the nanocomposite membrane, DSC thermographs were used to measure the melting enthalpies. The DSC thermographs of the QPVA/CTAB-coated LaFeO3 and QPVA/annealed LaFeO3 membranes are shown in Figure 4b . The QPVA/CTAB-coated LaFeO3 shows an exothermic peak at 120 °C that corresponds to the removal of water molecules or the degradation of organic residuals. The second exothermic peak, at 195 °C, is associated with degree of polymer crystallinity. The crystallinities of the QPVA/CTAB-coated LaFeO3 and QPVA/annealed LaFeO3 membranes were calculated [55] to be 26.45% and 30.80%, respectively. The crystallinity of the QPVA/CTAB-coated LaFeO3 membrane decreased due to the strong interaction between the CTAB surfactant and the QPVA polymer chains, which caused interruption of the polymer chain alignment. This result illustrates that the polymeric amorphous state was 69.2% for the QPVA/annealed LaFeO3 membrane and 73.55% with the QPVA/CTAB-coated LaFeO3 nanocomposite. Increasing the amorphous region could improve the ionic conductivity and cell performance of DAMFCs [20, 56] . Figure 4c shows the TGA curves of the QPVA, QPVA/CTAB-coated LaFeO3, and QPVA/annealed LaFeO3 nanocomposite membranes. The initial weight loss of the QPVA/CTAB-coated LaFeO3 membrane was observed at 210 °C due to the evaporation of water or hydroxyl molecules. The second To further evaluate the polymer crystallinity of the nanocomposite membrane, DSC thermographs were used to measure the melting enthalpies. The DSC thermographs of the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 membranes are shown in Figure 4b . The QPVA/CTAB-coated LaFeO 3 shows an exothermic peak at 120 • C that corresponds to the removal of water molecules or the degradation of organic residuals. The second exothermic peak, at 195 • C, is associated with degree of polymer crystallinity. The crystallinities of the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 membranes were calculated [55] to be 26.45% and 30.80%, respectively. The crystallinity of the QPVA/CTAB-coated LaFeO 3 membrane decreased due to the strong interaction between the CTAB surfactant and the QPVA polymer chains, which caused interruption of the polymer chain alignment. This result illustrates that the polymeric amorphous state was 69.2% for the QPVA/annealed LaFeO 3 membrane and 73.55% with the QPVA/CTAB-coated LaFeO 3 nanocomposite. Increasing the amorphous region could improve the ionic conductivity and cell performance of DAMFCs [20, 56] . Figure 4c shows the TGA curves of the QPVA, QPVA/CTAB-coated LaFeO 3 , and QPVA/annealed LaFeO 3 nanocomposite membranes. The initial weight loss of the QPVA/CTAB-coated LaFeO 3 membrane was observed at 210 • C due to the evaporation of water or hydroxyl molecules. The second weight loss (~35-40%) was observed at 210-340 • C due to the decomposition of the ammonium groups or residual functional groups from a surfactant. The third weight loss occurred via degradation of the QPVA polymer main chain and side chain molecules due to thermal cracking at temperatures above 350 • C [2] . Thus, the thermal stability of the QPVA/CTAB-coated LaFeO 3 membrane was improved, in comparison to that of the QPVA/annealed LaFeO 3 , due to strong binding of the surfactant-coated nanofillers in the polymer matrix.
Young's modulus and elongation at break values are shown in Table 1 . The elongation of pristine QPVA is 143% due to the flexibility of the membrane, which relies on PVA content [57] . In the case of the nanocomposite membranes, flexibility decreases to 99% or 54% with the addition of 0.1% CTAB-coated or annealed LaFeO 3 nanofillers in the membrane matrix, respectively. Moreover, the Young's modulus values of the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 nanocomposite membrane decreased due to decreasing crystallinity of the QPVA polymer chains. Therefore, nanocomposite membrane's mechanical stability was sacrificed by the addition of LaFeO 3 nanofillers. However, the composite with CTAB-coated nanofillers demonstrated less mechanical strength loss than that containing annealed LaFeO 3 due to better interfacial compatibility between the polymer and nanofillers. Methanol permeability values of the pristine QPVA, QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 nanocomposite membranes are shown in Figure 5a . The permeability of the pristine QPVA membrane was 5.08 × 10 −6 cm 2 s −1 at 30 • C using 6 M KOH and 2 M methanol as a source reservoir. However, permeability was suppressed to 3.10 × 10 −6 cm 2 s −1 (a 39% decrease) and 3.50 × 10 −6 cm 2 s −1 (a 31% decrease) for the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 membranes, respectively. The incorporation of the nanofillers in the QPVA film resulted in physical hindrance, blocking the passage of fuel feed and reducing the alcohol crossover [58, 59] . This effect is advantageous for the polymeric electrolyte membrane in improving cell performance of DAMFCs [60] .
To evaluate the stability of the nanocomposite membrane, dissolution in water was studied [55] . The dissolution values of KOH-doped QPVA and nanocomposite membranes are shown in supplementary Figure S4 . Approximately 24.7% of the QPVA membrane dissolved in water at 25 • C during 72 h of immersion. However, the dissolution values of QPVA/CTAB-coated LaFeO 3 (10.23%) and QPVA/annealed LaFeO 3 (12.59%) were significantly lower. Incorporating 0.1% of LaFeO 3 nanofillers in the polymeric matrix prevented the polymer chain from unfolding, which resulted in lower water solubility. We have found similar results for PVA/fumed silica nanocomposites [53] . The improved stability is likely attributable to the physical cross-linking between the nanofillers and polymer chains [55] . The ionic exchange capacities (IEC) of the pristine and nanocomposite membranes are shown in Table 1 . The QPVA/CTAB-coated LaFeO3 membrane showed a higher IEC (1.06 mmol g −1 ) than the pristine QPVA membrane (0.752 mmol g −1 ). Hong et al. [61] have proposed that loading low percentages of nanofillers into the membrane leads to higher IEC values due to strong interactions between the nanofillers and polymers. The higher IEC values in the nanocomposite membranes are in line with partial KOH uptakes, observed to be higher than that of the pristine QPVA film (as explained below).
The total KOH solution uptake was 2.14 g g −1 for QPVA, whereas it was 1.43 g g −1 and 1.30 g g −1 for the QPVA/CTAB-coated LaFeO3 and QPVA/annealed LaFeO3 membranes. This quantity can be divided into two parts: the mass uptake due to KOH and the mass uptake due to water adsorption. Although QPVA had a higher total KOH solution uptake than that of the other two nanocomposites, the majority (~78%) of the uptake was due to water sorption. In contrast, the nanocomposite membranes exhibited higher partial KOH uptake (0.78-0.58 g g −1 ) and lower partial water uptake (0.65-0.72 g g −1 ) than those of the pristine QPVA membrane (Table 1) . This increased KOH uptake in the nanocomposite membranes may be due to their higher IEC values and reduced polymer crystallinity in the QPVA matrix [62] .
The higher partial water uptake in the pristine QPVA membrane was associated with a higher swelling ratio than that of the nanocomposite membranes ( Table 1 ). The adsorbed water molecules tended to swell the films, and the membrane volumes increased. However, the swelling was not isotropic; the thickness along the through-plane direction increased 2-7-fold higher than that of the width and length ( Table 1 ). The smaller swelling ratio of the nanocomposite membranes enhanced their dimensional stability (especially in the through-plane direction). It was beneficial for maintaining good interfacial contacts between the membrane and the electrodes, thus improving single cell conductivity.
Ionic conductivities of the QPVA, QPVA/CTAB-coated LaFeO3, and QPVA/annealed LaFeO3 membranes as a function of temperature are shown in Figure 5b . The ionic conductivities of the pristine QPVA ranged from 1.02 × 10 −2 to 1.30 × 10 −2 S cm −1 at 30-70 °C. The results confirm that conductivity gradually increased with increasing temperature; the hydroxyl ions/molecules diffuse more easily due to thermal activation processes [2] . The ionic conductivity of the QPVA/CTAB-coated LaFeO3 membrane gradually increased from 2.36 × 10 −2 to 2.76 × 10 −2 S cm −1 at the same temperatures. The conductivity of the nanocomposite membrane increased to double than that of the pure QPVA membrane. The oxygen non-stoichiometric effects of LaFeO3 nanofiller may results from ionic configuration on the Fe cation and transport of OH − ions via oxygen vacancies that enhance the conductivity [29, 37] . In the case of the QPVA/annealed LaFeO3 nanocomposite membrane, the ionic conductivity was slightly lower (1.36 × 10 −2 -1.85 × 10 −2 S cm −1 ) than that of the QPVA/CTAB-coated LaFeO3, but higher than that of the QPVA membrane. Decreased KOH uptake of the QPVA/annealed The ionic exchange capacities (IEC) of the pristine and nanocomposite membranes are shown in Table 1 . The QPVA/CTAB-coated LaFeO 3 membrane showed a higher IEC (1.06 mmol g −1 ) than the pristine QPVA membrane (0.752 mmol g −1 ). Hong et al. [61] have proposed that loading low percentages of nanofillers into the membrane leads to higher IEC values due to strong interactions between the nanofillers and polymers. The higher IEC values in the nanocomposite membranes are in line with partial KOH uptakes, observed to be higher than that of the pristine QPVA film (as explained below).
The total KOH solution uptake was 2.14 g g −1 for QPVA, whereas it was 1.43 g g −1 and 1.30 g g −1 for the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 membranes. This quantity can be divided into two parts: the mass uptake due to KOH and the mass uptake due to water adsorption. Although QPVA had a higher total KOH solution uptake than that of the other two nanocomposites, the majority (~78%) of the uptake was due to water sorption. In contrast, the nanocomposite membranes exhibited higher partial KOH uptake (0.78-0.58 g g −1 ) and lower partial water uptake (0.65-0.72 g g −1 ) than those of the pristine QPVA membrane (Table 1) . This increased KOH uptake in the nanocomposite membranes may be due to their higher IEC values and reduced polymer crystallinity in the QPVA matrix [62] .
Ionic conductivities of the QPVA, QPVA/CTAB-coated LaFeO 3 , and QPVA/annealed LaFeO 3 membranes as a function of temperature are shown in Figure 5b . The ionic conductivities of the pristine QPVA ranged from 1.02 × 10 −2 to 1.30 × 10 −2 S cm −1 at 30-70 • C. The results confirm that conductivity gradually increased with increasing temperature; the hydroxyl ions/molecules diffuse more easily due to thermal activation processes [2] . The ionic conductivity of the QPVA/CTAB-coated LaFeO 3 membrane gradually increased from 2.36 × 10 −2 to 2.76 × 10 −2 S cm −1 at the same temperatures. The conductivity of the nanocomposite membrane increased to double than that of the pure QPVA membrane. The oxygen non-stoichiometric effects of LaFeO 3 nanofiller may results from ionic configuration on the Fe cation and transport of OH − ions via oxygen vacancies that enhance the conductivity [29, 37] . In the case of the QPVA/annealed LaFeO 3 nanocomposite membrane, the ionic conductivity was slightly lower (1.36 × 10 −2 -1.85 × 10 −2 S cm −1 ) than that of the QPVA/CTAB-coated LaFeO 3 , but higher than that of the QPVA membrane. Decreased KOH uptake of the QPVA/annealed LaFeO 3 membrane reduces ionic conductivity due to shrinkage of the effective hydroxyl diffusion channels. The results clearly demonstrate that the incorporation of CTAB-coated LaFeO 3 nanoparticles in the QPVA matrix enhances conductivity, probably due to defect-free interfacial adhesion between polymer and fillers.
The hydroxide conductivity of the KOH-doped QPVA nanocomposite membranes was higher than that of most alkaline anionic exchange membranes (which are of the order of 10 −2 -10 −3 S cm −1 [2, 7, 21, 23, 63] ). The quaternized portion acted as an anionic-exchange membrane, and its conductivity was comparable to that of most anion-exchange membranes [18, 21] . The higher ionic conductivity was due to a hopping mechanism at the anionic-exchange functional group and to the vehicular diffusion through the polymeric free volume in the QPVA matrix [17] .
An Arrhenius-type relationship was recognized for the three types of electrolyte membranes' dependence on temperature effects. The activation energy of the pristine QPVA membrane was 20.11 kJ mol −1 . Activation energies decreased to 16.04 kJ mol −1 and 7.98 kJ mol −1 for the QPVA/annealed LaFeO 3 and QPVA/CTAB-coated LaFeO 3 nanocomposite membranes, respectively. The different mechanisms of ionic transfer phenomena in the nanocomposite membranes are responsible for the different activation energies.
Role of CTAB Surfactant
Most researchers have used crystalline LaFeO 3 nanoparticles toward potential applications, but data comparison with respect to amorphous LaFeO 3 nanoparticles is limited [46, [64] [65] [66] . To elucidate the effects of surfactant (CTAB) and LaFeO 3 nanofillers (amorphous vs. crystalline), different fillers were added into PVA matrix (which is the major dominant constituent of the QPVA) to form composites, and their conductivities were measured at 30-60 • C. The fillers included pure CTAB, pure LaFeO 3 nanofillers (amorphous phase without CTAB), as-synthesized LaFeO 3 nanofillers (CTAB-functionalized amorphous phase), and annealed LaFeO 3 nanofillers (crystalline). Since the as-synthesized LaFeO 3 nanofillers contain almost 50% CTAB and 50% perovskite by weight (Figure 2c ), a half load of the individual additive component (CTAB and LaFeO 3 ) was incorporated into the PVA for fair comparison.
The PVA film had a conductivity value of 1.80-1.89 mS cm −1 at 30-60 • C (Table S3 ). As 0.05% CTAB was incorporated into the PVA, conductivity values increased by 66-102% at the same temperature range. This may be due to more ammonium functional groups from CTAB being introduced (in other words, to chemical factors) to the PVA. The addition of 0.05% of LaFeO 3 resulted in 119-149% increases of conductivity compared to unadulterated PVA. The increased polymer-free volume at the expense of polymer crystallinity due to nanofillers (in other words, physical factors, as shown in Figure 6a ) may contribute to the enhanced ion transport and conductivity values. As more nanoparticles were added to the PVA, the same 0.1% load of amorphous or crystalline LaFeO 3 in the membrane did not render significantly different conductivity values (as shown in the last two rows in Table S3 ): both had 220-300% increases compared to the PVA sample. This implies that the nanoparticles improved the ionic conductivity due to physical factors; higher filler loads had more pronounced effects [53] . Now, if the PVA sample containing 0.1% CTAB-coated LaFeO 3 has similarly increased conductivity comparable to the combined conductivity increase values of 0.05% CTAB and 0.05% LaFeO 3 composites, an additive effect from both the chemical and physical factors is confirmed. However, our data indicated that the conductivities were much higher (380-510% increases as compared to PVA) than those for the composites containing individual additives, implying that the CTAB-coated LaFeO 3 demonstrate a synergistic effect.
CTAB is a cationic surfactant consisting of counterions, a hydrophobic tail group, and a hydrophilic head group with high attraction toward water molecules [67] . When CTAB was dispersed in ethylene glycol solvent (a polar solvent with a solubility parameter of δ d = 29.1-33 J 1/2 /cm 3/2 ), the tendency of solubility parameters led to a major micellisation contribution, as shown in Figure 6b [68, 69] . The polar ammonium groups tended to form outer layers in the micelles to minimize formation energy. Therefore, when LaFeO 3 nanoparticles were dispersed in this polar solvent, the non-polar hydrocarbon chain in the CTAB surrounded the LaFeO 3 nanoparticles (Figure 6c) . As a result, positive surface charge was introduced compared to the CTAB-free LaFeO 3 samples, as shown in Figure 2e . Hence, more ammonium functional groups were present on the nanofiller surface (Figure 6c) , which provided more anionic exchange function to enhance ionic conductivity.
Energies 2017, 10, 615 12 of 22 solvent, the non-polar hydrocarbon chain in the CTAB surrounded the LaFeO3 nanoparticles ( Figure 6c) . As a result, positive surface charge was introduced compared to the CTAB-free LaFeO3 samples, as shown in Figure 2e . Hence, more ammonium functional groups were present on the nanofiller surface (Figure 6c ), which provided more anionic exchange function to enhance ionic conductivity. The CTAB also serves as an intermediate binding layer between the LaFeO3 particles and polymer chains on the membrane formation, as illustrated in the lower part of Figure 6a . Such a lowmolecular-weight constituent forms a binder to link both particles and polymer chains for better interfacial compatibility. In other words, the CTAB might have played the role of plasticizer to fill in the defect between the rigid particles and the soft polymer matrix. Therefore, a pinhole-free composite was obtained (Figure 1i,j) . Conversely, the annealed LaFeO3 lacked this intermediate layer and cracks/defects resulted when the solvent evaporated and the film solidified. These cracks at the interfaces between particles and polymer region (Figure 1m ,n) can lead to reduced transport properties, including a weaker gas barrier, and less film durability [70, 71] . The CTAB also serves as an intermediate binding layer between the LaFeO 3 particles and polymer chains on the membrane formation, as illustrated in the lower part of Figure 6a . Such a low-molecular-weight constituent forms a binder to link both particles and polymer chains for better interfacial compatibility. In other words, the CTAB might have played the role of plasticizer to fill in the defect between the rigid particles and the soft polymer matrix. Therefore, a pinhole-free composite was obtained (Figure 1i,j) . Conversely, the annealed LaFeO 3 lacked this intermediate layer and cracks/defects resulted when the solvent evaporated and the film solidified. These cracks at the interfaces between particles and polymer region (Figure 1m ,n) can lead to reduced transport properties, including a weaker gas barrier, and less film durability [70, 71] .
Direct Alkaline Methanol Fuel Cell Performance
To evaluate the reproducibility of the fuel cell performance, three replicate analyses were performed at 60 • C using 6 M KOH and 4 M methanol as the anode feed and the humidified oxygen (100 mL min −1 ) in the cathode feed. The I-V plots of the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 nanocomposite membranes are shown in supplementary information Figure S5a ,b. The respective average cell potentials (V OC ) were found to be 0.653 V and 0.640 V with standard deviations of 0.009 and 0.008 V. The coefficients of variation of cell potential were 1.3% and 1.2%. The corresponding peak power density (P max ) is illustrated in supplementary information Figure S5c,d . The average values of P max were 108.33 and 95.66 mW cm −2 with experimental errors of 5.03 and 5.13 mW cm −2 and coefficients of variation of 4.6% and 5.3%, respectively. The V OC and P max of the QPVA/CTAB-coated LaFeO 3 and QPVA/annealed LaFeO 3 nanocomposite membranes show nearly equivalent experimental deviations (Tables S1 and S2 ), which demonstrates the good reproducibility of the performance measurements of DAMFCs.
The V OC and P max of DAMFCs with pristine QPVA electrolytes in 6 M KOH with various methanol concentrations (i.e., 1 M, 2 M, and 4 M) at 30 • C are shown in supplementary Figure S6 . The 4 M methanol feed in the QPVA membrane produced higher fuel cell performance than did the 2 M and 1 M anode feeds at 30 and 60 • C. This result confirms that higher methanol concentration contributes to faster electro-kinetic reactions for enhanced P max . In addition, more hydroxide ions are transferred via uptake of water/KOH in the QPVA membrane at a higher temperature and produce a higher P max (Table S2 ). The feasibility of using concentrated methanol feed into the DAMFCs with the QPVA electrolyte enables the generation of P max of one order of magnitude higher than other acidic [54] and alkaline methanol fuel cells [7, 54, 72] as reported in the literature.
The V OC and P max values for DAMFCs with different electrolytes using 4 M methanol in 6 M KOH at 30 • C are shown in Figure 7 . The V OC of the QPVA membrane is 0.51 V, and the P max value is 71 mW cm −2 . Incorporating 0.1% CTAB-coated LaFeO 3 nanofillers into the QPVA matrix enhanced the V OC and P max values to 0.65 V and 110 mW cm −2 , respectively. The QPVA/annealed LaFeO 3 nanocomposite membrane had improved V OC (0.64 V) and P max (100 mW cm −2 ) values. The performance was lower than that of the QPVA/CTAB-coated LaFeO 3 electrolyte but higher than that of the QPVA membrane. These results demonstrate that the small weight percentage of nanofiller in the QPVA matrix efficiently improved the alkaline cell performance.
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To evaluate the reproducibility of the fuel cell performance, three replicate analyses were performed at 60 °C using 6 M KOH and 4 M methanol as the anode feed and the humidified oxygen (100 mL min − (Tables S1 and S2 ), which demonstrates the good reproducibility of the performance measurements of DAMFCs.
The VOC and Pmax of DAMFCs with pristine QPVA electrolytes in 6 M KOH with various methanol concentrations (i.e., 1 M, 2 M, and 4 M) at 30 °C are shown in supplementary Figure S6 . The 4 M methanol feed in the QPVA membrane produced higher fuel cell performance than did the 2 M and 1 M anode feeds at 30 and 60 °C. This result confirms that higher methanol concentration contributes to faster electro-kinetic reactions for enhanced Pmax. In addition, more hydroxide ions are transferred via uptake of water/KOH in the QPVA membrane at a higher temperature and produce a higher Pmax (Table S2 ). The feasibility of using concentrated methanol feed into the DAMFCs with the QPVA electrolyte enables the generation of Pmax of one order of magnitude higher than other acidic [54] and alkaline methanol fuel cells [7, 54, 72] as reported in the literature.
The VOC and Pmax values for DAMFCs with different electrolytes using 4 M methanol in 6 M KOH at 30 °C are shown in Figure 7 . The VOC of the QPVA membrane is 0.51 V, and the Pmax value is 71 mW cm −2 . Incorporating 0.1% CTAB-coated LaFeO3 nanofillers into the QPVA matrix enhanced the VOC and Pmax values to 0.65 V and 110 mW cm −2 , respectively. The QPVA/annealed LaFeO3 nanocomposite membrane had improved VOC (0.64 V) and Pmax (100 mW cm −2 ) values. The performance was lower than that of the QPVA/CTAB-coated LaFeO3 electrolyte but higher than that of the QPVA membrane. These results demonstrate that the small weight percentage of nanofiller in the QPVA matrix efficiently improved the alkaline cell performance. The first reason for the performance improvement is the enhanced ionic conductivity of the electrolyte. The higher surface potential of the CTAB-coated nanoparticles strongly improved composite conductivity (the aforementioned chemical factor). The nanofiller presence decreased crystallinity of the nanocomposite membrane and increased fractional free volume (physical factor) to facilitate the transfer of hydroxyl ions [6, 22, 23, 58, 63] . Lo et al. employed a PVA/Fe 3 O 4 -CNT nanocomposite membrane and found a decrease in polymer crystallinity and improved ionic conductivity of membrane electrolytes and cell performance of alkaline fuel cells [20] . Similarly, Li et al. and Lioa et al. have demonstrated that QPVA/chitosan and QPVA/Q-chitosan composite membranes showed increased ionic conductivity, thereby improving methanol fuel cell performance [17, 59] . The ionic conductivity of the QPVA/CTAB-coated nanoparticles is higher than that of other membranes due to suppressed crystallinity and high KOH uptake (Table 1) , which improve cell performance.
The second reason for the power output enhancement is due to decreased methanol permeability. Both the CTAB-coated and annealed LaFeO 3 nanoparticles resulted in lower methanol permeability than the pure QPVA (Figure 5a ). The pinhole-free composite (Figure 1j ) with the CTAB-coated perovskite composite might form a better methanol barrier. The annealed LaFeO 3 composite contained cracks/defects (Figure 1n ) which became methanol transport micro-channels. Thus, the CTAB-coated LaFeO 3 electrolyte generated a higher P max than the annealed sample at the same operating temperature.
The effects of methanol concentration on alkaline fuel cell performance were studied by varying the anode feeds (1 M, 2 M, and 4 M). The V OC and P max in the DAMFCs equipped with QPVA/CTAB-coated LaFeO 3 electrolyte were measured at 60 • C, as shown in Figure 8a ,b. A V OC of 0.66 V and P max of 187 mW cm −2 were achieved for 1 M methanol feed using QPVA/CTAB-coated LaFeO 3 electrolytes. When increased to 2 M and 4 M methanol, the V OC also increased, to 0.82 V and 0.81 V, respectively. The increase is due to the faster catalytic reaction at the electrodes and the good methanol-barrier membrane. The P max values increased to 250 mW cm −2 and 272 mW cm −2 for the 2 M and 4 M methanol feeds, respectively. The ability to operate at 4 M methanol is advantageous, as other membranes are optimal for 1 M or 2 M methanol feed [20, 73] . The results confirm that our developed QPVA/CTAB-coated LaFeO 3 membrane has good methanol barrier properties and integral structure. For the QPVA/annealed LaFeO 3 electrolyte, the V OC and P max increased with increasing methanol concentration from 1 M to 4 M, as shown in Figure 8c ,d. The corresponding values were lower than those of the QPVA/CTAB-coated LaFeO 3 electrolyte due to lower conductivity (associated with lower surface potential, higher polymer crystallinity, and interfacial defects of the composite) and higher methanol permeability than the QPVA/CTAB-coated LaFeO 3 electrolyte.
The polarization curves for DAMFCs obtained using the QPVA/CTAB-coated LaFeO 3 nanocomposite electrolyte at different temperatures • C) are shown in supplementary Figure S7 . The V OC and P max values were 0.65 V and 109 mW cm −2 at 30 • C. When the temperature was raised to 60 • C, the V OC (0.81 V) and P max (272 mW cm −2 ) increased rapidly. The increased V OC was due to high catalytic activities at the electrodes at 60 • C. Raising the cell temperature can accelerate the electrochemical kinetics of the reduction reaction at the cathode and the oxidation reaction at the anode [8] . Therefore higher electrical currents (that is, more electrons) were generated at a certain voltage [59] . The increased ionic conductivity is also beneficial to reduce ohmic loss by raising the temperature, as discussed previously. When the temperature was further increased to 70 • C, the P max (264 mW cm −2 ) value slightly decreased, which might be due to membrane shrinkage or dehydration at the higher temperature [74] . In addition, the increased methanol diffusivity from the unreacted methanol could also crossover into the cathode. Increased methanol diffusion also reduced the P max value as a result of mixed potential methanol oxidation at the cathode. Therefore, the P max was slightly reduced at 70 • C. A cell temperature of 60 • C seems a more appropriate setting. Based on the above tests, the optimal operating condition was fed with 4 M of methanol solution, cell temperature of 60 °C, and the use of the QPVA/CTAB-coated LaFeO3 composite electrolyte. Many studies have proposed the incorporation of organic/inorganic nanofillers into a hydrophilic PVA matrix to enhance alkaline fuel cell performance, as shown in Table 2 . The current results show a maximum Pmax of 272 mW cm −2 for the QPVA/CTAB-coated LaFeO3 nanocomposite membrane due to its suppressed methanol permeability, with higher ionic conductivity compared with the QPVA/annealed LaFeO3 nanocomposites. In this study, there was the low percentage of nanofillers (0.1 wt %) in QPVA matrix compared to other nanofillers reported in other research (Table 2) . Moreover, we used low catalyst loadings in the anode (2 mg cm −1 ) and cathode (1 mg cm −1 ), which provided the advantage of low-cost DAMFC manufacturing. To our best knowledge, this Pmax output is the highest value of DAMFCs recorded [7, 8, [17] [18] [19] [20] [21] 23, 24, 63, [74] [75] [76] . Based on the above tests, the optimal operating condition was fed with 4 M of methanol solution, cell temperature of 60 • C, and the use of the QPVA/CTAB-coated LaFeO 3 composite electrolyte. Many studies have proposed the incorporation of organic/inorganic nanofillers into a hydrophilic PVA matrix to enhance alkaline fuel cell performance, as shown in Table 2 . The current results show a maximum P max of 272 mW cm −2 for the QPVA/CTAB-coated LaFeO 3 nanocomposite membrane due to its suppressed methanol permeability, with higher ionic conductivity compared with the QPVA/annealed LaFeO 3 nanocomposites. In this study, there was the low percentage of nanofillers (0.1 wt %) in QPVA matrix compared to other nanofillers reported in other research (Table 2) . Moreover, we used low catalyst loadings in the anode (2 mg cm −1 ) and cathode (1 mg cm −1 ), which provided the advantage of low-cost DAMFC manufacturing. To our best knowledge, this P max output is the highest value of DAMFCs recorded [7, 8, [17] [18] [19] [20] [21] 23, 24, 63, [74] [75] [76] . 
Materials and Methods
Preparation of QPVA
The QPVA was prepared from PVA, glycidyltrimethyl ammonium chloride (GTMAC), and potassium hydroxide (KOH), as previously described [17] . 3 Nanoparticles and QPVA/LaFeO 3 Nanocomposite Membranes A facile hydrothermal method was used to prepare the perovskite LaFeO 3 nanofillers. In a typical procedure, 2 mmol of Fe(NO 3 ) 3 ·6H 2 O and 2 mmol of La(NO 3 ) 3 ·6H 2 O were mixed in 40 mL of distilled (D.I.) water at ambient temperature. Similarly, 4 mmol of Na 3 C 6 H 5 O 7 was dissolved in 20 mL of D.I. water by vigorous stirring. These two solutions were mixed together followed by the slow addition of surfactant CTAB under continuous stirring for 1 h at ambient temperature. The mixture solution was transferred into a 100 mL autoclave and held at 180 • C for 16 h. After completion of the hydrothermal process, the autoclave was cooled naturally to ambient temperature. The obtained precipitates were washed numerous times with ethanol and D.I. water using centrifugation. Afterwards, the sample was dried at 100 • C overnight in a hot air oven to produce CTAB-coated LaFeO 3 nanoparticles. A similar experimental procedure was followed to prepare pristine LaFeO 3 nanoparticles without the addition of CTAB surfactant. Portions of the CTAB-coated LaFeO 3 nanoparticles were annealed at 800 • C for 3 h using a muffle furnace in an air atmosphere with a heating ramp of 10 • C min −1 to tune their size, shape and crystalline properties.
Preparation of LaFeO
An appropriate amount (0.1% loading by weight) of CTAB-coated or annealed LaFeO 3 nanoparticles were added to QPVA polymer solutions, which were degassed, cast, and dried in a vacuum oven at 60 • C overnight [17, 18] . The thickness of the dry membrane was 50 ± 10 µm.
Physicochemical Properties of Nanoparticles and Nanocomposite Membranes
The morphology and microstructure of the nanoparticles and membrane composites were analysed using a transmission electron microscope (TEM), a high-resolution TEM (HRTEM), and a field emission scanning electron microscope (FESEM) equipped with an energy dispersive X-ray (EDX) detector [18, 54, 73] . The crystalline behaviours of the nanoparticles and composite membranes were assessed via X-ray diffraction (XRD) analyser and differential scanning calorimeter (DSC) [18, 53, 55] . The samples' chemical structures were analysed using X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared spectroscopy (FTIR). Thermal stability was determined via thermo-gravimetric analysis (TGA) [54] . Particle zeta potentials were evaluated using a dynamic light scattering analyser (Zetasizer, 2000 HAS, Malvern, Worcestershire, UK) [77, 78] . Particle suspension conductivities were measured using a conductivity meter while membrane conductivity was obtained from alternate-current impedance spectra [10] . The KOH uptake and partition, swelling ratio of in-plane and through-plane dimensions, ion-exchange capacity (IEC), methanol permeability, dissolution in water, and mechanical properties were assessed according to previously outlined procedures [18, 20, 53, 55, 59, 76, 79] . The fuel cell assembly and performance measurement methods have been described in previous work [56] .
Conclusions
CTAB-coated LaFeO 3 nanoparticles were synthesized via the hydrothermal method, and a core-shell structure was observed with the CTAB surfactant at the outer layer. High crystallinity LaFeO 3 nanoparticles were prepared by annealing the pristine perovskite at 800 • C and the CTAB was completely degraded. The nanocomposite membranes were prepared by incorporating 0.1% LaFeO 3 nanoparticles (both CTAB-coated and annealed) into the QPVA matrix using a solution casting method. The nanocomposite membranes showed both suppressed dissolution in water and a reduced swelling ratio compared to the pristine QPVA membrane. The partial KOH uptake, IEC, and ionic conductivity of the QPVA/CTAB-coated LaFeO 3 membrane were higher than those of the QPVA/annealed LaFeO 3 and QPVA membranes. The QPVA/CTAB-coated LaFeO 3 composite showed higher ionic conductivity and lower methanol permeability than did the annealed sample. We suggest that the CTAB-coated LaFeO 3 provided three functions to the polymeric composite: increasing polymer free volume, ammonium group contributor, and plasticizer to enhance the interfacial compatibility. The P max of the QPVA/CTAB-coated LaFeO 3 nanocomposite membrane was found to be 272 mW cm −2 at 60 • C when fed with 4 M methanol and 6 M KOH as the anode feed. The power densities using this type of alkaline fuel cells were significantly higher than the existing data in the literature. These findings suggest that QPVA/CTAB-coated LaFeO 3 is a promising hydroxide-conducting membrane for DAMFC applications.
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